Both linked and unlinked mutations can alter the intracellular site of synthesis of exported proteins of Escherichia coli. by Rasmussen, Beth A. & Bassford, Jr., Philip J.
Vol. 161, No. 1JOURNAL OF BACTERIOLOGY, Jan. 1985, p. 258-264
0021-9193/85/010258-07$02.00/0
Copyright © 1985, American Society for Microbiology
Both Linked and Unlinked Mutations Can Alter the Intracellular
Site of Synthesis of Exported Proteins of Escherichia coli
BETH A. RASMUSSEN AND PHILIP J. BASSFORD, JR.*
Department of Microbiology and Immunology, School of Medicine, University of North Carolina, Chapel Hill,
North Carolina 27514
Received 5 September 1984/Accepted 17 October 1984
It previously has been demonstrated that synthesis of the periplasmic maltose-binding protein (MBP) and
alkaline phosphatase (AP) of Eschericha coli predominantly occurs on membrane-bound polysomes. In this
study, signal sequence alterations that adversely affect export of MBP and AP, resulting in their cytoplasmic
accumulation as unprocessed precursors, were investigated to determine whether they have an effect on the
intracellular site of synthesis of these proteins. Our findings indicate that export-defective MBP and AP are not
synthesized or are synthesized in greatly reduced levels on membrane-bound polysomes. In some instances, a
concomitant increase in the amount of these proteins synthesized on free polysomes was clearly discerned. We
also determined the site of synthesis ofMBP and AP in strains harboring mutations thought to alter the cellular
secretion machinery. It was found that the presence of a prUi suppressor allele partially restored synthesis of
export-defective MBP on membrane-bound polysomes. On the other hand, the absence of a functional SecA
protein resulted in the synthesis of wild-type MBP and AP predominantly on free polysomes.
The synthesis of exported proteins in procaryotes has
been demonstrated to occur predominantly on membrane-
bound polysomes (3, 17, 24, 25). However, there appears to
be no functional or physical difference in the ribosomes
engaged in protein synthesis in the cytoplasm compared with
the membrane (16). It is believed that the site of synthesis on
the membrane results from the cotranslational initiation of
the protein export process, and evidence has been presented
that suggests that the nascent polypeptide chain is solely
responsible for the attachment of polysomes to the mem-
brane (26). By analogy with the protein export process in
eucaryotic cells, it has been proposed that the synthesis of
exported proteins in procaryotes is initiated on free ribosomes
in the cytoplasm. Sometime after the emergence of the signal
peptide from the ribosome, the nascent polypeptide-ribo-
some complex forms an association with the cytoplasmic
membrane, and translocation of the nascent chain across the
cytoplasmic membrane is initiated. The exact sequence of
events has yet to be established (for a recent review, see
reference 21). The demonstration by Randall (15) that co-
translational translocation of the maltose-binding protein
(MBP) of Escherichia coli requires synthesis of at least 80%
of the complete polypeptide indicates that synthesis and
translocation are not tightly coupled.
It is clear that the amino-terminal signal sequence has a
major role in the protein export process and may be respon-
sible for the initial interaction of the nascent polypeptide-
ribosome complex with the membrane (5). Mutational alter-
ations within the signal sequence that prevent export from
the cytoplasm have been described for a number of E. coli
proteins, including MBP and alkaline phosphatase (AP) (2,
11). Based on current models of protein export, one might
predict that export-defective proteins would not be synthe-
sized on membrane-bound polysomes due to the inability of
the nascent signal sequence to interact with the membrane.
In this study, we have experimentally tested this possibility
with E. coli strains producing export-defective MBP or AP.
We also have investigated the intracellular site of synthesis
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of MBP and AP in strains harboring prlA or secA mutations
that are thought to alter the cellular secretion machinery.
MATERMILS AND METHODS
Bacterial strains and growth. All bacterial strains employed
in this study are isogenic derivatives of E. coli
MC4100 (thi relA araD139 AlacU169 flbB pstF rpsL) (4).
Strain BAR4101 is strain MC4100 made phoR- by phage P1
transduction. Strain BAR4174 is strain BAR4101 that was
made secASJ (Ts), from strain MM52 provided by Oliver and
Beckwith (13), by phage P1 transduction. For the sake of
clarity, all other strains are referred to in the text by their
relevant genotypes. Specific strain designations are provided
in the figure legends. Mutations in malE were introduced into
strain BAR4101 as previously described (6). Mutations in
phoA, derived from strains SM593 (phoA61) and SM594
(phoA68) obtained from Michaelis et al. (11), were intro-
duced into strain BAR4101 by cotransduction with proC+
(proC had previously been introduced by cotransduction
with TnS; the transposon was lost in the second cross).
Mutations in prlA (7) were introduced into the appropriate
strain by cotransduction with rpsL (rpsL+ had previously
been introduced into the strain by cotransduction with rpsE).
Unless otherwise noted, cultures were grown at 37°C with
aeration in M63 minimal medium (12) made 0.4% in glycerol
and 0.5% in Casamino acids. MBP synthesis was induced by
the addition of maltose (0.4%) 45 min before cell harvest.
Reagents. Translation grade [35S]methionine (10 mCi/ml)
was obtained from Amersham Corp. All other chemicals
were of reagent grade. Rabbit anti-MBP serum has been
previously described (6). Rabbit anti-AP was prepared
against purified E. coli AP (Worthington Diagnostics) as
described for anti-MBP (6). Rabbit anti-elongation factor G
(EFG) immunoglobulin G (IgG) was a gift of P. C. Tai.
Preparation of membrane-bound and free polysomes. Chlo-
ramphenicol (100 jig/ml) and NaN3 (10 mM) were added to
an exponentially growing culture (100 ml). The culture was
mixed briefly, transferred to a cold (-20°C) flask, and
quickly chilled by swirling in a dry ice-acetone bath. All of
the following procedures were performed at 4°C or on ice.
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The cells were harvested by brief centrifugation and sus-
pended in 1 ml of 200 mM Tris-hydrochloride (pH 8.0). Cells
were converted to spheroplasts as described by Witholt et
al. (28), using no EDTA and 45 ,ug of lysozyme per ml (final
concentration). After harvesting by brief centrifugation, the
spheroplasts were suspended in 1.5 ml of buffer II (26). Lysis
was achieved by two rounds of freeze-thawing, using a dry
ice-acetone bath and cool water. Membrane-bound and free
polysomes were obtained by centrifuging the lysate through
a 1.35 to 2.0 M sucrose step gradient as described by Tai et
al. (26). After pelleting, the polysomes were suspended in 75
,ul of buffer III (26), frozen, and stored at -70°C.
Polypeptide chain completion. Membrane-bound and free
polysomes were allowed to complete synthesis of their
nascent chains in vitro, using an S100 protein-synthesizing
system. The reaction mixture contained in 1 ml: 6.8 mg of















FIG. 1. In vitro translation products synthesized by membrane-
bound and free polysomes prepared from strain BAR4101. Mem-
brane-bound and free polysome fractions were prepared and al-
lowed to complete translation of their nascent chains in vitro as
described in the text. Polypeptides radiolabeled with [35S]methionine
were analyzed by SDS-PAGE and autoradiography. (a) Translation
products of free polysomes; (b) products of the membrane-bound
polysomes. For each polysome fraction, the lanes represent: A,
total translation products; B, precipitate obtained with anti-MBP; C,
precipitate obtained with anti-AP; D, precipitate obtained with
anti-EFG; E, marker pMBP and mMBP; F, marker AP; and G,
products radiolabeled by the translation mix in the absence of added
polysomes. The positions of pMBP, mMBP, pAP, and mAP, and
EFG are as indicated. All lanes represent the proteins synthesized
by polysomes obtained from equivalent cell numbers and from the
same culture.
(pH 8.2); 1.4 p.mol of dithiothreitol; 27 ,umol of ammonium
acetate; 100 ,ug of tRNA; 0.54 p.mol of GTP; 2.2 pLmol of
ATP; 8 ,umol of magnesium acetate; 40 ,umol of potassium
acetate; 0.15 ,umol each of 19 amino acids, omitting methi-
onine; 2 ,umol of spermidine; 0.4 p.g of pyruvate kinase; 1
,umol of phenylmethylsulfonyl fluoride; 0.15 ,umol of
[35S]methionine (1,000 Ci/mM); 170 ,ul of S100; and 250 ,ul of
polysomes. After a 30-min incubation at 37°C, further trans-
lation was arrested by the addition of puromycin (0.1 mM),
followed by an additional 10-min incubation. The S100 was
prepared from E. coli CF300 (29) as described by Miller (12)
for the preparation of an S30 mix, except that the final
centrifugation was for 8 h at 100,000 x g and the preincuba-
tion step was omitted.
Immune precipitation and gel electrophoresis. Antigen ex-
tract for each immune precipitation was prepared by com-
bining 20 ,ul of a translation reaction with 20 ,ul of 2% sodium
dodecyl sulfate (SDS), 10 mM Tris (pH 8.0), and 1 mM
EDTA and heating in a boiling water bath for 3 min. MBP,
AP, and EFG were immune precipitated from the antigen
extract by a procedure previously described (6), using rabbit
sera or purified IgG specific for the individual protein. Total
translation products and specific immune precipitates were
analyzed by SDS-polyacrylamide gel electrophoresis (PAGE)
and autoradiography as previously described (6). It is essen-
tial to note that all gels were loaded such that for each strain
analyzed, the membrane-bound and free polysome transla-
tion products represent the proteins synthesized by poly-
somes from equivalent cell numbers. Exposure times for the
autoradiographs of corresponding membrane-bound and free
polysome gel sets were identical. Also note that in different
experiments, the protein-synthesizing activity of the mem-
brane-bound and free polysomes varied somewhat relative
to one another. In each instance, the exposure time for
autoradiography was adjusted to reveal a clear protein
profile generated by the membrane-bound polysome frac-
tion. Hence, in some instances the free polysome products
appear to be somewhat overexposed.
RESULTS
Fractionation of polysomes into membrane-bound and free
populations. Isolation of membrane-bound and free (cyto-
plasmic) polysomes from E. coli BAR4101 grown on maltose
was performed as described above. Each polysome fraction
was allowed to complete synthesis of its nascent polypeptide
chains in vitro, using an S100 mix derived from E. coli
CF300 (29). Proteins synthesized in vitro were radiolabeled
with [35S]methionine and analyzed by SDS-PAGE and auto-
radiography. We found that the protein profile generated by
each polysome fraction was strikingly different (Fig. 1),
confirming the preparation of two polysome classes. Not
surprisingly, a somewhat more complex array of proteins
was synthesized by the free polysomes compared with the
membrane-bound polysomes. Three specific proteins, MBP,
AP, and EFG were identified from among the total in vitro
translation products. Synthesis of the periplasmic proteins
MBP and AP has been previously reported to occur prima-
rily on membrane-bound polysomes (17, 25). By using
specific rabbit antisera to precipitate these proteins, it was
found that both MBP and AP were synthesized in somewhat
larger quantities by the membrane-bound polysome fraction.
The proteins were found in both their precursor and mature
(processed) forms when synthesized on membrane-bound
polysomes. The degree of processing observed in this frac-
tion varied considerably from experiment to experiment, as
noted below. The small amounts of MBP and AP synthe-
VOL. 161, 1985
260 RASMUSSEN AND BASSFORD
sized by free polysomes were found almost exclusively as
precursor; only rarely were trace amounts of the mature
form detected. In contrast to these results, EFG, a cytoplas-
mic protein, was synthesized predominantly by free poly-
somes, as evidenced by the amount of EFG immune precip-
itated from each polysome fraction. Also, note that EFG is
easily discerned in the protein profile generated by the free
polysomes, migrating as a prominent band in the upper
region of the gel. From these results, as well as the work of
other investigators, we believe that we have prepared from
E. coli BAR4101 fractions that are highly enriched for
membrane-bound and free polysomes.
There are several additional points that should be noted in
Fig. 1. First, in addition to precursor MBP (pMBP) and
mature MBP (mMBP) identified in the membrane-bound
polysome translation products, several additional protein
species were precipitated with anti-MBP serum. These may
represent proteolytic breakdown products of pMBP or inter-
mediates in MBP synthesis. Such bands have been previ-
ously described (1, 18, 19). Secondly, the anti-AP serum
precipitated several protein species in addition to pAP and
mAP from among both membrane-bound and free polysome
translation products. The identity and significance of these
proteins is unknown. With the same antisera, only mAP was
precipitated from radiolabeled whole-cell extracts prepared
from the same strain.
Signal sequence alterations can affect the site of synthesis of
MBP and AP. The wild-type signal sequences for MBP and
AP are shown in Fig. 2. Also shown are certain mutational
alterations in these signal sequences that have previously
been demonstrated to adversely affect protein export (1, 2,
11). For both proteins, the various signal sequence altera-
tions have different effects on the efficiency of export. The
fraction of the total MBP synthesized that is localized to the
periplasm and processed ranges from less than 2% for the
strongest malE signal sequence mutations (18-1 and 19-1) to
ca. 20% for the weakest mutation (10-1) (6). Approximately
1 and 16% of the total AP synthesized is properly exported in
phoA61 and phoA68 mutants, respectively (11). In these
strains, nonexported MBP and AP accumulate as precursor
in the cytoplasm. To identify the site of synthesis of export-
defective MBP and AP, membrane-bound and free poly-
Maltose-Binding Protein
Signal Sequence
somes were prepared from strains synthesizing these pro-
teins. As before, translation of the two polysome fractions
was completed in vitro, and the radiolabeled protein prod-
ucts were analyzed.
The results obtained for the three MBP signal sequence
mutants are shown in Fig. 3. Membrane-bound polysomes
prepared from both maIE18-1 and malE19-1 strains synthe-
sized no detectable MBP (MBP was not detected even after
prolonged exposure of gels to autoradiography). Membrane-
bound polysomes from the somewhat weaker malEJO-1
mutant synthesized a small amount of pMBP. In contrast to
these results, synthesis of pMBP was readily detectable on
free polysomes from each of the three malE signal sequence
mutants. The amount of MBP synthesized by the free
polysomes was not markedly greater than that seen with the
malE+ strain. This was likely due to less efficient induction
of malE expression in strains synthesizing export-defective
MBP. When polysomes were isolated from isogenic strains
constitutive for malE expression (mal7T), a marked increase
in the amount of pMBP synthesized by the free polysomes
was seen. The corresponding membrane-bound polysomes
synthesized no or very little detectable MBP, similar to that
shown in Fig. 3 (data not shown). To confirm that the
polysomes were properly prepared from each malE mutant,
the synthesis of export-competent AP also was analyzed in
each polysome fraction. Despite the fact that MBP synthesis
on membrane-bound polysomes was greatly reduced, syn-
thesis of AP by these polysomes was largely unaffected. In
these particular experiments, note the efficiency of process-
ing of AP synthesized on membrane-bound polysomes com-
pared with that synthesized on free polysomes.
Similar results were obtained when the same analysis was
performed with polysomes obtained from strains synthesiz-
ing export-defective AP (Fig. 4). In the case of both phoA61
and phoA68 strains, very little AP was precipitated from the
total translation products of membrane-bound polysomes.
The small amount of AP that was detected was found in its
precursor form. In contrast, significantly greater amounts of
AP, in both precursor and mature forms, were synthesized
by membrane-bound polysomes prepared from an isogenic
phoA+ strain. The marked difference in the amount of AP
synthesized on membrane-bound polysomes from these
Processing Site
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FIG. 2. Primary amino acid sequence of wild-type and export-defective MBP and AP signal sequences. The entire signal sequence plus
the first five residues of the mature protein are shown for both the wild-type MBP and AP. Single amino acid substitutions that have been
showp to prevent export to the periplasm are also indicated, along with their respective allele designations. See the text for additional details
and references.
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FIG. 3. In vitro translation products of membrane-bound and
free polysomes prepared from three strains producing export-defec-
tive MBP. Free polysomes (a) and membrane-bound polysomes (b)
were prepared from three different strains, BAR4111 (maIE18-1),
BAR4121 (malEI9-1), and BAR4131 (malE1O-1), each synthesizing a
different export-defective MBP. The polysomes were allowed to
complete translation in vitro, and the radiolabeled products were
analyzed by SDS-PAGE and autoradiography. For each strain (the
specific malE alleles are indicated in the figure) the lanes represent:
A, total translation products; B, precipitate obtained with anti-MBP;
and C, precipitate obtained with anti-AP. Also for each strain, all
lanes represent the proteins synthesized by polysomes from equiv-
alent cell numbers and from the same culture. The positions of
pMBP, mMBP, pAP, and mAP are indicated.
strains can also be seen in this particular gel by careful
examination of the protein profile generated by the total
translation products. The protein band representative of
pAP easily can be discerned among the phoA+ strain prod-
ucts. Clearly, this band is greatly reduced, relative to the
protein bands immediately above and below, in the transla-
tion products of the two phoA signal sequence mutants.
Thus, it is apparent that there was a significant decrease in
the amount of export-defective AP synthesized on mem-
brane-bound polysomes. In the same experiment, it is quite
apparent that there was a corresponding increase in the
amount of AP synthesized on free polysomes prepared from
thephoA signal sequence mutants compared with those from
the phoA+ strain. Once again, note that the amount of
wild-type MBP synthesized on membrane-bound and free
polysomes does not appear to be affected by the export
competence of the AP concomitantly synthesized by these
strains.
Effect of priA suppressor mutations on the site of synthesis
of export-defective MBP. Mutations at several extragenic loci
have been identified that restore, with varying efficiencies,
export of proteins with defective signal sequences (6, 7, 11).
One such locus has been designated priA, for which numer-
ous suppressor alleles have been isolated and characterized.
Two of the more efficient suppressor alleles, prlA4 and
prlA401, have been shown to restore export of the malE18-1
and malE19-1 gene products to ca. 40 and 90% of the
wild-type levels, respectively (6; V. A. Bankaitis and P. J.
Bassford, Jr., submitted for publication). To determine
whether prlA-mediated suppression restores synthesis of
export-defective MBP to membrane-bound polysomes, both
membrane-bound and free polysomes were prepared from
several malE prlA double-mutant strains. These were al-
lowed to complete translation in vitro, and the radiolabeled
protein products were analyzed as described above.
In contrast to the isogenic prlA+ strain, in which synthesis
of export-defective MBP was not detectable on membrane-
bound polysomes (Fig. 3), some pMBP was clearly synthe-
sized on membrane-bound polysomes prepared from either a
phoA phoA61 phoA68
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FIG. 4. In vitro translation products of membrane bound and
free polysomes prepared from strains producing wild-type or export-
defective AP. Free polysomes (a) and membrane-bound polysomes
(b) were prepared from strains BAR4101 (phoA'), BAR4171
(phoA6l), and BAR4172 (phoA68) and allowed to complete transla-
tion in vitro, and the products were analyzed by SDS-PAGE and
autoradiography. The specific phoA alleles are indicated above each
lane. The lanes are organized and individual proteins are identified
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malE18-1 prlA4 or malE19-1 prlA401 strain (Fig. 5). As was
previously seen in the wild-type parental strain, several
additional MBP species were also precipitated. Somewhat
more MBP synthesis was obtained in membrane-bound
polysomes from the malEJ9-1 prlA401 strain, a result that is
consistent with the higher levels of suppression obtained in
this instance. Note that these polysomes also produced a
small amount of mMBP. In addition, it was found that MBP
synthesis by free polysomes was also somewhat elevated in
these strains (data not shown), a result that probably reflects
more efficient induction of malE expression. The synthesis
of AP by these same membrane-bound polysomes and the
corresponding free polysomes was not significantly different
from that seen in isogenic prlA+ strains.
Effect of a secA(Ts) mutation on the activity of membrane-
bound polysomes. Oliver and Beckwith (13) have isolated
conditional lethal (temperature-sensitive) mutations in a
locus designated secA that result in cells pleiotropically
defective in protein export. At the nonpermissive tempera-
ture of 42°C, a secA(Ts) mutant accumulates the precursor
forms of MBP, AP, and various other envelope proteins in
the cytoplasm. We have investigated the effect of inactiva-
tion of the SecA protein on total protein-synthesizing activ-
ity of membrane-bound polysomes and, more specifically,
the synthesis of wild-type MBP and AP. Both membrane-
bound and free polysomes have been prepared from the
secA(Ts) strain BAR4174 after shifting the growth tempera-
ture from 30 to 42°C for either 30 or 90 min. As a control,
polysomes were prepared from a secA+ strain that had been
grown for 90 min after a shift from 30 to 42°C. These
polysomes were allowed to complete translation in vitro,
and the radiolabeled protein products were analyzed.
It was found that membrane-bound polysomes isolated
from the secA(Ts) mutant after growth at 42°C for either 30
or 90 min exhibited significantly decreased protein-synthe-
sizing activity when compared with an isogenic secA+ strain
grown under the same conditions (Fig. 6). Note that al-
though the protein profiles are very nearly the same, the
prIA4 prlA401
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FIG. 5. In vitro translation products of membrane-bound poly-
somes prepared from malE priA double-mutant strains. Membrane-
bound polysomes (a) and free polysomes (b) were prepared from
strains BAR4113 (malEl8-1 prlA4) and BAR4124 (malEl9-1
prlA402), allowed to complete translation in vitro, and analyzed by
SDS-PAGE and autoradiography. Only the translation products of
the membrane-bound polysomes are shown. For each strain, the
lanes are organized and individual proteins are identified as de-
















FIG. 6. In vitro translation products of membrane-bound and
free polysomes prepared from a secA+ strain and a secA(Ts) strain
after growth at 42°C. Strains BAR4101 (secA+) and BAR4174
(secA(Ts)) were grown at 30°C and then shifted to 42°C for the
indicated period before harvesting and polysome preparation. Poly-
somes were allowed to complete translation in vitro, and the
products were analyzed by SDS-PAGE and autoradiography. (a)
Translation products of the free polysome; (b) translation products
of the membrane-bound polysomes. For each strain, the lanes are
organized and individual proteins are identified as described in the
legend to Fig. 3.
intensity of the protein bands generated by the secA(Ts)
polysomes is greatly reduced. This included a significant
reduction in the total amount of MBP and AP synthesized.
In terms of incorporation of [35S]methionine into trichlo-
roacetic acid-precipitable material, the membrane-bound
polysomes from the secA(Ts) mutant had less than a quarter
of the activity of their secA+counterparts. In marked con-
trast to these results, the protein-synthesizing activity of the
corresponding free polysomes prepared from the secA(Ts)
mutant was largely unaffected by the shift to the nonper-
missive growth temperature. There was, however, a signif-
icant increase in the level of wild-type pMBP and pAP
synthesized by these polysomes relative to the amounts of
these two proteins synthesized by the free polysomes from
the control strain.
DISCUSSION
We have demonstrated that we can prepare from E. coli
BAR4101 two different polysome fractions, one greatly
enriched for membrane-bound polysomes and the other
greatly enriched for free polysomes. In vitro completion of
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the polypeptides synthesized by the membrane-bound poly-
somes yielded a limited protein profile that included two
known exported proteins, MBP and AP. Among the MBP
and AP species identified were forms that migrated on
SDS-PAGE in a manner identical to the bona fide mature
forms of these proteins synthesized in vivo. This result
indicated that the signal peptide had been removed by the
signal peptidase enzyme responsible for normal maturation
of these proteins in vivo. Since the signal peptidase enzyme
believed to be responsible for this processing activity is
associated with the external side of the cytoplasmic mem-
brane and the outer membrane (10), this is further evidence
that these polysomes were membrane associated at the time
that the cells were disrupted. In fact, since processing of
both these proteins can occur cotranslationally (8), it could
well be that the observed processing of MBP and AP
synthesized on membrane-bound polysomes had occurred
before cell disruption.
Unlike membrane-bound polysomes, the free polysomes
generated in vitro a more complex array of translation
products. This would be expected due to the larger number
and diversity of cytoplasmic proteins. EFG, a cytoplasmic
protein, was found to be primarily synthesized on this
polysome fraction. Some MBP and AP were also found to be
synthesized on free polysomes, but only rarely were proc-
essed forms of these proteins detected in this fraction. These
may represent MBP and AP polypeptides whose synthesis
had been initiated before cell disruption but had not yet
associated with the cytoplasmic membrane or had formed
only a weak membrane association and had been dislodged
from the membrane during cell breakage or the subsequent
polysome isolation procedure. Our findings are in agreement
with those of other laboratories, which have found MBP,
AP, and other exported E. coli proteins to be synthesized on
polysomes that are firmly attached to the cytoplasmic mem-
brane (3, 17, 24, 25).
In this study, we investigated the site of synthesis of MBP
and AP when these proteins are synthesized with mutation-
ally altered signal peptides that do not allow normal export to
the periplasm. For each of the mutant strains analyzed, there
was a significant reduction in the amount of export-defective
protein synthesized on membrane-bound polysomes. In the
case of the two MBP signal sequence alterations that result in
a near total block in MBP export, synthesis of MBP on
membrane-bound polysomes was not detectable. Synthesis
of these export-defective proteins on free polysomes did not
appear to be affected by the signal sequence alterations. In
fact, for strains producing export-defective AP, a severalfold
rise in the amount of AP synthesized on free polysomes was
clearly evident. These results indicate that export-defective
MBP and AP are primarily synthesized on free, unattached
polysomes in the cytoplasm. These results do not rule out the
possibility that there is a transient, weak association of the
nascent polypeptide-ribosome complex with the cytoplasmic
membrane that is lost upon disruption of the cells and
preparation of the polysome fractions. However, it would
appear that stable association of the polysome and the
membrane requires an export-competent signal peptide.
These results are consistent with the idea that it is the
cotranslational initiation of the protein export process that is
responsible for the synthesis of exported proteins on mem-
brane-bound polysomes and complement previous findings
that strongly suggested that nascent chains were chiefly
responsible for anchoring polysomes to the membrane (26).
We do not consider it surprising that export-defective
proteins are synthesized primarily on free polysomes. Cer-
tainly it is a result that would be predicted by the signal
hypothesis. However, it is important to note that such a
result also is compatible with the membrane trigger hypoth-
esis of Wickner (27), particularly as modified for MBP by
Randall (15). Our results are also very consistent with the
recent suggestion, based on genetic studies, that ribosomes
synthesizing export-defective MBP fail to interact with a
putative cytoplasmic complex that may be responsible for
bringing the nascent polypeptide-ribosome complex to the
membrane (9). Thus, it would have been somewhat unex-
pected if we had found that export-defective proteins are still
preferentially synthesized on membrane-bound polysomes;
if that had been the case, then current concepts of the role of
ribosomes, message, and the nascent chain in the export
process probably would need to be reconsidered.
In this study, the effect of mutations in the prlA and secA
genes on the site of synthesis ofMBP and AP also have been
investigated. These two genes are thought to encode com-
ponents of the E. coli protein export machinery. Mutations
in the prlA locus were initially obtained as extragenic
suppressors of lamB signal sequence mutations and subse-
quently shown to suppress both malE and phoA signal
sequence mutations in a manner that exhibited some degree
of allele specificity (6, 7, 11). Although the priA product has
not yet been identified, it has been suggested that it is
involved in the initial recognition of the signal peptide as it
emerges from the ribosome (21). Signal sequence alterations
that prevent export may function at least in part by prevent-
ing recognition of the nascent chain as an exported protein
(9), hence, the synthesis of these export-defective proteins
on free polysomes. Suppressor mutations in prlA may func-
tion by altering the PrlA protein in such a manner as to
restore recognition of the defective signal peptides. Our
finding that the synthesis of export-defective MBP can be
detected on membrane-bound polysomes prepared from
strains harboring prlA suppressor alleles supports this hy-
pothesis.
The secA gene product is a 92,000-dalton protein that
appears to peripherally interact with the cytoplasmic mem-
brane (14). It has been suggested that the SecA protein acts
at a step in the export pathway after recognition, possibly in
the interaction of the polysomes with the cytoplasmic mem-
brane (21). We found that membrane-bound polysomes
prepared from a secA(Ts) mutant strain shifted to the
nonpermissive temperature exhibited greatly reduced activ-
ity in vitro. On the other hand, free polysomes from the
same strain were fully active and, in addition, synthesized
larger amounts ofpMBP and pAP than free polysomes from
a secA+ strain prepared under identical conditions. Thus, it
may well be that secA mutants are defective in bringing
polysomes translating exported proteins to the membrane.
As has been the case in studies of protein secretion in
eucaryotic systems, we anticipate that synthesis and locali-
zation of exported proteins in a totally in vitro system will
provide a system for the biochemical analysis of the protein
export pathway of E. coli. One such system has been
previously described (20, 22). In our own laboratory, we are
presently attempting to devise a totally in vitro system in
which to analyze MBP synthesis and export. Such a system
should be particularly useful in understanding the precise
nature of the defects in protein export manifested in various
mutant strains.
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